A sub-channels-inserted porous evaporator is proposed as a heat sink for future power electronic devices with a heat load exceeding 300 W/cm 2 . The porous medium is made by sintering copper particles of micrometer size in diameter and has several sub-channels to enhance discharge of generated vapor outside the porous medium. This porous heat sink is attached to the backside of a heating chip and removes the heat by evaporating a cooling liquid passing through the porous medium against the heat flow. In order to prove the validity of the sub-channels, the heat transfer characteristics of this porous heat sink are evaluated experimentally. The result shows that the heat transfer performance of a sinteredcopper particles porous medium with sub-channels enables the removal of much higher heat flux under a lower flow rate of cooling water and a lower wall superheat conditions than those of a normal porous heat sink. The removal heat flux, 810 W/cm 2 , is 1.8 times higher than that of a normal porous heat sink at a wall superheat of 50 K. Furthermore, it is clarified that even with a heat flux up to 810 W/cm 2 , it is possible to sufficiently cool the SiC-based chip in practical use.
Heat flux decline and temperature difference in a copper heat spreader.
Introduction
With the rapid development of electric vehicles, the heat-power density generated in an inverter, i.e. the heat flux, has reached hundreds of W/cm 2 . For instance, the heat flux for recent hybrid cars exceeds 100 W/cm 2 and this value will conceivably reach or exceed 300 W/cm 2 for future electric cars. Taking safety into account, it's a critical issue to develop a high heat flux heat sink capable of near 500 W/cm 2 of cooling performance, with a low-power pumping system in order to reduce power consumption.
However, there is a possiblity that the heat spreader usually installed onto a heating chip to ease the heat flux isn't available for cooling this kind of high-power electronic device. This is due to the large thermal resistance, i.e., the large temperature dif ference generated within the spreader, which occurs under high heat flux conditions. . In this estimation, the heat generated at the chip is assumed to 3-dimensionally spread through the heat spreader. The heat flux in the spreader is eased to 100 W/cm 2 at a distance, ΔL, of 5.0 mm from the chip surface, but the temperature difference exceeds 30 K. This thermal resistance becomes much larger in consideration of the thermal contact resistance generated at both the sides of the spreader.
Furthermore, the heat generated in the chip doesn't spread sufficiently within the spreader under the high heat transfer rate conditions that are inevitably required for cooling high heat flux devices. These facts suggest that direct cooling without a heat spreader might be essential under high heat flux conditions.
In that sense, boiling heat transfer that utilizes the latent heat of vaporization is one realistic solution to remove a heat flux on the order of hundreds of W/cm 2 . In order to succeed at high heat flux removal with low pumping power, the authors proposed a heat sink that utilizes the phase change of a cooling liquid in a metal porous medium attached to the back of high heat flux equipment firstly such as divertor in a fusion reactor. [1] [2] [3] [4] [5] [6] This porous heat sink is a counter type of cooling device that removes heat by evaporating the cooling liquid, which is pumped against the heat flow. In other porous heat transfer devices that actively utilize the latent heat of vaporization, such as heat pipes [7] and vapor chambers, [8] However, it has also been confirmed that active discharge of the vapor generated in the porous medium could be essential for heat removal over 300 W/cm 2 . In order to achieve heat flux removal exceeding 300 W/cm 2 under a high heat transfer rate, functional porous media that enable the active discharge of vapor outside the porous medium must be developed, keeping the large heat transfer surface.
The purpose of this study is to evaluate the heat transfer performance and heat transfer characteristics of a new porous heat sink with included sub-channels and to clarify the applicability of this porous heat sink for cooling electronic power devices under heat flux conditions of over 300 W/cm 2 .
Conceptual Design of Sub-Channels-Inserted (SCI) Porous Heat Sink
The greatest concern in utilizing porous media as a heat sink is that a completely dr y region is formed in the porous medium. This dry region increases the thermal resistance and reduces the effective thermal conductivity of the porous medium; as a result, it raises the surface temperature of the chip. One solution to this difficulty is the installation of sub-channels in the porous medium toward the outlet as shown in Fig. 2 . As the sub-channels are arranged radially along the heat transfer surface of the cylindrical shape of the porous medium, the vapor formed near the center is automatically allowed to discharge outside the porous medium at the moment when the developed vapor-phase region reaches the inlets of these channels. It should be noted that these sub-channels can be installed not only in the above-mentioned direction but also in the axial and other directions. Furthermore, it is desirable to install a barrier wall between the vapor-discharging sub-channels and the porous medium in order to prevent the liquid from directly flowing into the sub-channels. In terms of the sub-channels-inserted (SCI) porous concept, we propose utilizing a pipe as the sub-channel. It might be possible to control vaporization completely, unlike in the usual flow boiling heat transfer. Fig. 2 Sub-channels-inserted porous medium. Figure 4 shows the sub-channels-inserted porous medium that we fabricated for the present study. In the fabricating process, first, copper pipes are attached onto the bottom surface of the graphite furnace mold, and then copper particles are filled around these pipes and sintered by heating and pressurizing. The average diameter of the copper particles used is 500 μm (the pore size is below 100 μm), and the porosity is approximately 30%. The porous medium is cylindrical, 50 mm in diameter and 20 mm in height. The installed copper pipe sub-channels are oriented in a radial direction along the heat transfer surface.
Porous medium loaded sub-channels
Each sub-channel is 3.0 mm in diameter and 20 mm long, and a total of four sub-channels are installed at 90° angles in the circumferential direction. Figure 10 shows the chip surface temperature for the heat flux, assuming that the thickness of the copper base of the heat sink is 1.0 mm (see Fig. 11 ). surface temperature more precisely, the present study sufficiently proves the applicability of the SCI porous heat sink to high-power electronic devices.
Experiment Results

Heat transfer performance and characteristics of SCI porous heat sink
Conclusion
In this study, the heat transfer performance and characteristics of a sub-channels-inserted porous heat sink were evaluated. The findings are summarized as follows. The optimized design of the sub-channels conceivably depends mainly on the heat input, which suggests that the diameter, length, number, and shape of the sub-channels need to be adjusted along with the increase of heat flux. As our next step, we plan to evaluate these impacts on the heat transfer performance and characteristics for the flow rate of cooling water, degree of subcooling, and heat flux.
